Recent research has shown that nucleoli of oocytes at the germinal vesicle (GV) stage (GV nucleoli) are not necessary for oocyte maturation but are essential for early embryonic development. Nucleoli of 2-cell embryos (2-cell nucleoli) have morphology similar to that of nucleoli in oocytes at the GV stage. In this study, we examined the ability of 2-cell nucleoli to substitute for GV nucleoli in terms of supporting early embryonic development by nucleolus aspiration (enucleolation) and transfer into metaphase II (MII) oocytes or 2-cell embryos that were derived from enucleolated oocytes at the GV stage in the pig. When 2-cell embryos were centrifuged to move the lipid droplets to one side of the blastomere, multiple nucleoli in the nucleus fused into a single nucleolus. The nucleoli were then aspirated from the 2-cell embryos by micromanipulation. The injection of 2-cell nucleoli to GV enucleolated oocytes at the MII stage rescued the embryos from the early embryonic arrest, and the resulting oocytes developed to blastocysts. However, the injection of 2-cell and GV nucleoli to 2-cell embryos derived from GV enucleolated oocytes rarely restored the development to blastocysts. These results indicate that 2-cell nucleoli support early embryonic development as GV nucleoli and that the presence of nucleoli is essential for pig embryos before the 2-cell stage.
INTRODUCTION
In mammalian oocytes, the germinal vesicle (GV) contains the specific nucleolus that exhibits distinct structural and functional differences from the nucleolus of somatic cells. Our recent study demonstrated that enucleolated pig and mouse GV oocytes were able to mature to metaphase II (MII) [1] . However, the enucleolated oocytes neither formed nucleoli in pronuclei nor developed to blastocysts after fertilization or parthenogenetic activation. However, when nucleoli were reinjected into enucleolated oocytes at MII and the oocytes were then activated, they formed pronuclei with nucleoli and developed to blastocysts. Thus, the oocyte nucleolus is not necessary for oocyte maturation, but is absolutely essential for early embryonic development. Moreover, the nucleolusreinjected enucleolated mouse oocytes developed to live-born pups, which suggests that enucleolation of GV oocytes did not cause irreparable damage to the chromosomes.
The nucleolus is the site of active rRNA synthesis and ribosome production in somatic cells [2] and growing mammalian oocytes [3] . However, the nucleolus of fully grown oocytes is compacted and separated from chromatin, and has no rRNA synthetic activity [4] .
During oocyte maturation, the nucleolus disappears in the cytoplasm of oocytes, and upon fertilization, nucleoli are formed in male and female pronuclei. During the pronuclear and 2-cell stages, condensed chromatin forms a ringlike structure around the nucleoli, and in pig embryos the chromatin separates from the nucleoli [5] . Subsequently, embryonic nucleologenesis occurs in parallel with the activation of embryonic rRNA synthesis. Until the 2-cell stage, some components of the nucleolus are similar to the nucleolus of GV oocytes [3] , and no transcriptional activity is detected in the nuclei [5] . After the 2-cell stage, the nucleoli become somatic cell-type by the morula stage [5] . Based on their morphological and functional differences compared to nucleoli of somatic cells, nonfunctional nucleoli in GV oocytes and zygotes have been often referred to as the nucleoluslike body [6] and nucleolus precursor body [7] , but we will use the term nucleolus here for the sake of simplicity.
Based on the morphological similarities between nucleoli in GV oocytes and 2-cell embryos, we conducted nucleolus replacement experiments to determine the ability of nucleoli from 2-cell embryos to substitute for nucleoli of GV oocytes in terms of supporting embryonic development. In addition, we report here the fusion of multiple nucleoli in 2-cell embryos by centrifugation of the embryos.
MATERIALS AND METHODS

Chemicals
All the chemicals were purchased from Sigma-Aldrich unless otherwise indicated.
Collection and Culture of Oocytes
Pig ovaries were obtained from prepubertal gilts at a local slaughterhouse. The ovaries were washed once in 0.2% (w/v) cetyltrimethylammonium bromide and three times in Dulbecco phosphate-buffered saline containing 0.1% (w/v) polyvinyl alcohol (PBS-PVA). Fully grown GV oocytes were collected from antral follicles. Antral follicles (4-5 mm diameter) were dissected using two surgical blades (No. 11; Feather Safety Razor Co. Ltd.), and the follicles that had a spherical oocyte surrounded by cumulus granulosa cells and adhered to the follicle wall were selected [8] . After the follicles were opened in 25 mM HEPES-buffered medium 199 (HEPES-199; Nissui Pharmaceutical Co. Ltd.) containing 0.1% (w/v) PVA, 0.85 mg/ml sodium bicarbonate, and 0.08 mg/ml kanamycin sulfate, cumulus-oocyte complexes were isolated from the follicles. The cumulus cells were then completely removed from GV oocytes by pipetting to obtain denuded oocytes.
Some denuded oocytes were enucleolated as described below and cultured for maturation in 0.5 ml of culture medium in a 4-well multidish (Thermo Fisher Scientific K.K.) at 38.58C under an atmosphere of 5% CO 2 in air for 30 h. The culture medium was bicarbonate-buffered medium 199 supplemented with 10% (v/v) fetal bovine serum (ICN Biomedicals, Inc.), 0.1 mg/ml sodium pyruvate, 0.08 mg/ml kanamycin sulfate, and 2.2 mg/ml sodium bicarbonate.
Electrostimulation and Development Culture
The enucleolated and intact oocytes with the first polar body after maturation culture were washed three times with 0.3 M mannitol solution containing 0.1 mM MgSO 4 , 0.05 mM CaCl 2 , and 0.01% PVA. They were transferred to the same solution between parallel electrodes, separated by 2 mm in a chamber (FTC-03; Shimadzu Co. Ltd.), and subjected to a single square pulse of direct current for 100 lsec at 1500 V/cm from an electric cell fuser (LF101; BEX Co.). After electrostimulation, the oocytes were washed and cultured for 4 h in PZM3 [9] containing 0.5 mg/ml cytochalasin B to prevent the emission of the second polar body. After being washed in PZM3, the oocytes were further cultured for 7 days in PZM3 at 38.58C under an atmosphere of 5% CO 2 in air. Figure 1 shows the experiments that were conducted to elucidate the ability of nucleoli from 2-cell embryos (2-cell nucleolus) to substitute for the nucleoli of GV oocytes (GV nucleolus) in terms of supporting embryonic development.
Experimental Scheme
Development of enucleolated GV-oocytes injected with 2-cell nucleoli at the MII stage. After the denudation of the GV oocytes, they were enucleolated and cultured for maturation for 30 h (Fig. 1A) . The matured oocytes were injected with GV or 2-cell nucleoli. Then the oocytes were activated by electrostimulation and cultured in PZM3 for 7 days.
Development of enucleolated GV-oocytes injected with 2-cell nucleoli at the 2-cell stage. After the cumulus cells were removed from GV oocytes, they were enucleolated and cultured for maturation for 30 h (Fig. 1B) . Then enucleolated-matured oocytes were activated by electrostimulation and cultured for 24 h to develop them to the 2-cell stage. The 2-cell embryos were injected with GV or 2-cell nucleoli into the unilateral blastomere. After the injection of nucleoli, 2-cell embryos were cultured for 6 days in PZM3. The enucleolation of GV oocytes or 2-cell embryos and the nucleolus injection methods are described below.
Enucleolation of GV Oocytes and 2-Cell Embryos
GV oocytes were enucleolated as described previously [10] . The nucleoli of 2-cell embryos were aspirated using the same method used for the GV oocytes. Briefly, GV oocytes or 2-cell embryos were transferred into HEPES-199 containing 12.5 lg/ml cytochalasin B and 0.01 lg/ml demecolcine for 10 min. Then they were centrifuged at 4000 3 g for 10 min to move the lipid droplets to one side of the oocytes and embryos. They were enucleolated in a 60 3 15 mm plastic dish (BD Falcon) used as a micromanipulation chamber that was put on a warmed stage (38.58C) in an inverted microscope (Olympus Co.).
Each oocyte or embryo was held by a holding pipette (inner diam. ¼ 10 lm, angle ¼ 308) at the 9 o'clock position, and then the oocyte or embryo was rotated until the nucleus of the GV or 2-cell blastomere was at the 3 o'clock position. The zona pellucida was punctured with a square-ended injection pipette (inner diam.: GV ¼ 8-10 lm, 2-cell ¼ 6-8 lm), and piezo pulses were applied using a micromanipulator (Narishige Group) equipped with a PIEZO FIG. 1. Experimental schemes of nucleolus injection into GV-enucleolated oocytes at the 2-cell (A) and MII (B) stages. A) Recipient MII oocytes were prepared by enucleolation at the GV stage and maturation culture. An isolated nucleolus from a GV oocyte or a 2-cell embryo was injected into the cytoplasm of each recipient MII oocyte: GV-ENL MIIþGV NL and GV-ENL MIIþ2cell NL, respectively. B) Recipient 2-cell embryos were prepared by enucleolation at the GV stage (GV-ENL 2cell), maturation, and electrostimulation followed by culture in PZM3 for 24 h. An isolated nucleolus from a GV oocyte or a 2-cell embryo was injected into the cytoplasm of a unilateral blastomere in each recipient 2-cell embryo: GV-ENL 2cellþGV NL and GV-ENL 2cellþ2cell NL, respectively.
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drive (PNAS-CT150; Prime Tech). After penetration through the zona pellucida, the injection pipette was positioned against the membrane of the GV or the nucleus of the 2-cell blastomere.
Thereafter, gentle suction was applied, which resulted in the suctioning of the nucleolus into the mouth of the pipette. The injection pipette was then slowly withdrawn from the cytoplasm. When the pipette opening with the captured nucleolus was just outside the cell membrane, additional suction was applied. The nucleolus thereafter penetrated the membrane of the GV or 2-cell nucleus, leaving the entire nuclear content of the GV or 2-cell nucleus within the nuclear envelope. After enucleolation, the oocytes were washed nine times in HEPES-199 and cultured for maturation for 25-26 h (total 30 h) as described above. Collected nucleoli from GV oocytes and 2-cell embryos were used for the nucleolus injection experiments.
Nucleolus Injection
Collected nucleoli from GV oocytes or 2-cell embryos were injected into some of the MII oocytes and 2-cell embryos derived from enucleolated GV oocytes. Enucleolated MII oocytes that showed polar body extrusion were selected after 30 h (GV-ENL MII) of maturation culture (Fig. 1A) , and recipient 2-cell embryos were collected after 24 h (GV-ENL 2cell) of electrostimulation of enucleolated MII oocytes (Fig. 1B) . Nucleoli collected from intact GV oocytes or intact 2-cell embryos were injected into enucleolated MII oocytes or the unilateral blastomere in 2-cell embryos. The injection of nucleoli was performed in a manner similar to that of intracytoplasmic sperm injection [11] . Each oocyte or embryo was held by a holding pipette (inner diam. ¼ 10 lm, angle ¼ 308) at the 9 o'clock position. The zona pellucida was punctured by several applications of piezo pulse.
Next, one nucleolus from a GV oocyte or from a blastomere of a 2-cell embryo, which had been aspirated into a glass micropipette (inner diam. ¼ 6-8 lm), was ejected into the cytoplasm of the oocyte or embryo. The injection pipette was then slowly withdrawn. The MII recipient oocytes were cultured for 4 h before electrostimulation. When the nucleolus was injected into a 2-cell recipient embryo, it was injected into one blastomere, and the other blastomere was injected with a small volume of medium as a sham operation.
Fluorescence Microscopy
For immunofluorescence staining, 2-cell embryos were washed two times in PBS-PVA and stained as follows. The embryos were fixed and permeabilized in 4% paraformaldehyde in PBS-PVA containing 0.2% Triton X-100 (Nakalai Tesque, Inc.) for 40 min. The embryos were washed two times in PBS-PVA for 15 min each and were then blocked in PBS-PVA containing 1 mg/ml bovine serum albumin (PBS-PVA-BSA) (Wako Pure Chemical Industries) and 0.2% Triton X-100 at 48C overnight. The embryos were incubated with one of the primary antibodies diluted with PBS-PVA-BSA at 48C overnight. The primary antibodies were mouse monoclonal anti-nucleolin antibody (1:200, C23, sc-8031; Santa Cruz Biotechnology, Inc.) or mouse monoclonal anti-lamin A/C antibody (1:200, sc-7292; Santa Cruz Biotechnology, Inc.).
After being washed three times in PBS-PVA-BSA for 15 min each, the embryos were reacted with Alexa Fluor 488-labeled donkey anti-mouse immunoglobulin G (IgG) (1:400, A21202; Molecular Probes) or Alexa Fluor 568-labeled goat anti-mouse IgG (1:400, A11004, Molecular Probes) for 40 min at room temperature. The embryos were washed three times in PBS-PVA-BSA before being mounted on glass slides with ProLong Gold Antifade Regent with 4 0 ,6-diamidino-2-phenylindole (DAPI) (P36931; Molecular Probes) and observed under a confocal laser scanning microscope (FV1000-KDM; Olympus Co.). Some 2-cell embryos were collected before and after centrifugation. After staining, the diameters of all the nucleoli were measured by software (FV10-ASW 3.1 Viewer) and acquired to determine the total volume of the nucleoli.
Statistical Analysis
The frequencies of oocytes and embryos at each stage of development were analyzed using the chi-square test. Differences in the mean (6 SEM) volumes of nucleoli were analyzed by the Student t-test. Values of P , 0.05 were considered significant.
RESULTS
Enucleolation of 2-Cell Embryos
Pig 2-cell embryos contained abundant lipid droplets in the cytoplasm and multiple nucleoli in each nucleus. For the enucleolation of 2-cell embryos, they were centrifuged to move the lipid droplets to one side of the blastomeres. Incidentally, we discovered that centrifugation reduced the nucleolus number in 2-cell blastomeres. The nucleolus number and volume were examined before and after centrifugation by immunostaining with anti-C23 antibody [ 
Immunofluorescence labeling was performed with anti-C23 (in green) and anti-lamin A/C antibody (in red) on intact (Control, a-c) and centrifuged 2-cell embryos (Centrifuged, d-f). After centrifugation, 2-cell embryos whose nucleolus was aspirated from the unilateral blastomere (2-cell ENL, g-l) were stained with anti-C23 (in green) and anti-lamin A/C antibody (in red). The 2-cell embryos derived from enucleolated GV oocytes (GV-ENL 2-cell, m-r) were also stained immunocytologically. DAPI staining marks the chromatin in blue. Bar ¼ 20 lm. Table S1 , available online at www.biolreprod.org). Before centrifugation (Intact), most of the nuclei contained multiple nucleoli (82%, Fig. 2, a-c) . However, after centrifugation (Centrifuged), all of the nuclei had a single nucleolus (Fig. 2,  d-f) . The total volume of the nucleoli per blastomere after centrifugation was similar to that before centrifugation, and about one-half of the nucleolus volume in GV oocytes (Supplemental Table S1 ).
NUCLEOLUS OF PIG 2-CELL EMBRYO
Based on this result, 2-cell embryos were centrifuged, and their nucleoli were aspirated by micromanipulation. Nucleolus removal was checked immunocytologically. The nuclei of sham-operated blastomeres from which a small volume of nucleoplasm was aspirated (the left-side blastomere in each panel) contained a single nucleolus and a nuclear envelope (Fig. 2, g-l) . In the enucleolated blastomeres (the right-side blastomere), chromatin remained in the nucleus, and the nucleolus was absent from the nucleus (Fig. 2, g-i) . However, the blastomeres contained an intact nuclear envelope (Fig. 2,  j-l) . Table 1 shows the development of enucleolated GV-oocytes that were matured (GV-ENL MII), injected at the MII stage with GV nucleoli (GV-ENL MIIþGV NL) or 2-cell nucleoli (GV-ENL MIIþ2cell NL), and electrostimulated (Fig. 1A) . In all the different types of oocytes, the percentages of oocytes cleaved 2 days after electrostimulation (Day 2) were similar (Control ¼ 98%, GV-ENL MII ¼ 86%, GV-ENL MIIþGV NL ¼ 87%, and GV-ENL MIIþ2cell NL ¼ 92%). The percentage of control oocytes that developed to blastocysts at Day 7 was 73%. In contrast, only 1 in 41 enucleolated oocytes developed to the blastocyst stage (GV-ENL MII ¼ 2%). The percentages of enucleolated oocytes injected with GV nucleoli (GV-ENL MIIþGV NL) and 2-cell nucleoli (GV-ENL MIIþ2cell NL) that developed to blastocysts were 47% and 50%, respectively.
Development of Enucleolated GV-Oocytes Injected with 2-Cell Nucleoli at the MII Stage
The morphology of these blastocysts was similar to those of the control blastocysts.
Development of Enucleolated GV-Oocytes Injected with Nucleoli from 2-Cell Embryos at the 2-Cell Stage
We examined whether nucleoli from GV-oocytes or 2-cell embryos restored the developmental ability of 2-cell embryos derived from enucleolated GV-oocytes (Fig. 1B and Table 2 ). After maturation culture and subsequent electrostimulation, the enucleolated GV-oocytes developed to the 2-cell stage (GV-ENL 2cell). Although the embryos had a nuclear envelope (Fig. 2, p-r) , no nucleolus was formed in the nuclei (Fig. 2, mo) . The embryos were injected with GV nucleoli (GV-ENL 2cellþGV NL) or 2-cell nucleoli (GV-ENL 2cellþ2cell NL), and cultured for 7 days postelectrostimulation. The percentage of control oocytes that developed to blastocysts was 80% (Table 2 ). In contrast, no enucleolated oocytes developed to blastocysts. The percentages of GV-enucleolated 2-cell embryos injected with GV nucleoli (GV-ENL 2cellþGV NL) and 2-cell nucleoli (GV-ENL 2cellþ2cell NL) that developed to blastocysts were 3% and 6%, respectively.
DISCUSSION
With centrifugation of 2-cell pig embryos, the multiple nucleoli in each nucleus fused into a single nucleolus. The average nucleolus volume after centrifugation was the same as the total volume of multiple nucleoli before centrifugation. Because the nucleolus is not a membrane-delimited structure and its active liquidlike behavior has been reported in Xenopus [12] and mouse oocytes [13] , the centrifugation allowed the nucleoli to fuse in 2-cell embryos. The nucleolus volume of the 2-cell embryos was half as much as the volume of the GV oocyte nucleoli. Oocyte nucleoli disappear just before nuclear membrane breakdown during oocyte maturation, and nucleoli reappear during pronuclus formation. Then the nucleoli disappear during the first cleavage of the embryos and reappear TABLE 1. In vitro development of enucleolated-matured pig GV oocytes after reinjection of the nucleoli from 2-cell embryos. KYOGOKU ET AL.
again in the nuclei of 2-cell embryos. Assuming that the total nucleolus volume per oocyte/embryo is maintained during these stages, it is reasonable that the nucleolus volume in a 2-cell blastomere is one-half the volume in a GV oocyte. We used the 2-cell enucleolation method to examine whether nucleoli from 2-cell embryos were able to substitute for the nucleoli of GV oocytes. No or few enucleolated oocytes developed to blastocysts, as described elsewhere [1, 10, 14] . However, when GV nucleoli or 2-cell nucleoli were injected into the cytoplasm of enucleolated-matured oocytes at the MII stage, both types of nucleoli supported development of the oocytes to blastocysts. This result indicates that the nucleoli from 2-cell embryos support embryonic development to a similar extent as the nucleoli from GV oocytes despite being half the volume.
It has been reported that some nucleolar components of 2-cell pig embryos are similar to those of GV oocyte nucleoli [3] . Two recent reports showed that nucleoli of GV oocytes are essential for early embryonic development [1, 10] , and the nucleoli of growing oocytes that were treated with actinomycin D to compact the nucleolus can replace them to support early embryonic development. The nucleolus treated with actinomycin D showed a morphology similar to that of fully grown oocytes [15] . Together with the results of the present study, these findings indicate that the nucleoli of growing oocytes have accumulated the materials that are required for early embryonic development and the materials are maintained in the nucleoli in fully grown GV oocytes and even in 2-cell embryos after disassembly and reassembly during oocyte maturation and first embryonic cleavage.
We next examined whether injection of the nucleolus from GV oocytes or 2-cell embryos into the unilateral blastomere restored the developmental ability of 2-cell embryos derived from enucleolated GV oocytes. We thought that unilateral injection was sufficient for the development because single blastomeres derived from 2-cell pig embryos have been reported to develop to blastocysts [16] . However, quite a few 2-cell embryos derived from enucleolated GV oocytes developed to blastocysts after the injection of nucleoli from GV oocytes or 2-cell embryos. Recent reports have shown that pig 1-cell embryos drive their development for one or several cell cycles using the stockpile of molecules originating from the oocytes [1] and that the nucleolus is essential for early embryonic development [1] . Moreover, the critical point when the nucleolus is required for the progression of mouse embryonic development has been studied [14] . In that experiment, when GV nucleoli were reinjected at the pronuclear stage, most of the reconstructed zygotes cleaved and formed nuclei with nucleoli at the 2-cell stage. However, the rate of blastocyst formation and the numbers of surviving pups were quite low compared to when the nucleolus was reinjected at the MII stage. Thus, the critical time point when the nucleolus is required for the progression of embryonic development appears to be at the early step of pronucleus organization. Because the results of the present study confirmed that the nucleolus from GV oocytes is required for early embryonic development before the 2-cell stage in the pig, it might be essential at the early stage of 1-cell embryos.
Moreover, the nucleoli from 2-cell stage embryos were not able to rescue the progression of embryonic development when the nucleoli were injected into embryos without nucleoli at the same 2-cell stage. These results indicate that the presence of the nucleolus before the 2-cell stage in the embryos is essential for embryonic development. Requiring the nucleolus during the first cell cycle of embryos might be related to chromatin disorganization. During the first cell cycle of mouse embryos, maternal and paternal chromatin undergoes rapid remodeling and reaches a zygotic organization in which the pericentric satellites occupy restricted spatial domains surrounding the nucleolus [17, 18] . This organization is achieved in both normal and parthenogenetic embryos [17, 19] . The pig nucleolus might function similarly to the mouse nucleolus.
Nucleoplasmin 2 (NPM2) is a component of the nucleolus and suggested to be involved in the formation of nucleoli in mouse embryos [20, 21] . NPM2-knockout females have fertility defects owing to failed early embryonic development [21] . In the NPM2-knockout mice, nucleoli and heterochromatin formation surrounding the nucleoli are absent in the 1-cell stage embryos. However, it has been suggested that potential compensatory mechanisms must exist because a few NPM2-null embryos developed to birth. The role of the nucleolus in the first cell cycle of embryos remains to be elucidated.
In summary, the present study demonstrates that the nucleoli of 2-cell embryos support early embryonic development as nucleoli of GV oocytes and that the presence of nucleoli is essential for embryos before the 2-cell stage in the pig.
